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Introduction

Plant physiologists have long been interested in the physio-

logical processes associated with the development and particularly

with the germination of seeds. Much attention has been devoted

to those seeds which, when ripe, fail to respond to germinating

conditions unless subjected to special treatment or permitted to

undergo a distinct rest period. Such dormant seeds offer many
problems to pique the curiosity of the investigator, and work on

individual seeds has given some conception of the environmental

factors influencing dormancy (4, 15, 17, 40), as well as of the internal

conditions retarding germination and of the chemical changes

which take place in after-ripening (19,25,27,38). Furthermore,

dormant seeds often retain their viability for long periods of time.

Beale (7, 8, 24, 41) reported that Amaranthus retroflexus will remain

viable in the ground for thirty years. If such seeds are fully

imbibed, their remarkably prolonged viability may be due either

to especially large food reserves or to a tremendous reduction of

the rate at which such reserves are respired. A study of the

mi

terpret
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While the respiration of most plant parts has been studied

more or less, there are comparatively few data on resting seeds.

For this reason the study of the respiration of seeds would be of

interest, per se, and if dormant seeds were selected; it might be

possible both to discover differences in the respiration of related

and of unrelated species, and, through the acquisition of informa-

tion upon the rapidity with which food reserves were utilized, to

arrive at some idea of the probable longevity of the seeds.

Most dormant seeds belong to one or another of certain main

classes (Crocker 14): those in which the dormancy is due to

coat characters, as impermeability to water or to oxygen, acting

in conjunction with some physiological character in the embryo

aside from actual dormancy; or those in which dormancy is con-

ditioned by the embryo itself, either through lack of differentia-

tion or through the absence of some factor essential for germination,

even when the naked embryo is exposed to all ordinary external

germination conditions. In addition there are certain seeds with

mature embryos whose coats apparently exclude neither water nor

oxygen, but still germination is hindered; such delay in Alisma Plan-

tago (15) is due to the inability of the embryo to overcome the

mechanical resistance to expansion offered by the coats. Finally,

dormancy may result from the joint action of two or more of these

factors.

In the investigation, some of the results of which are embodied

in this paper, the original intention was to study the respiration of

each type of dormant seeds, but during the progress of the work
the comparative respiration of dormant seeds has become of prime

interest, and this phase forms the subject of the present report.

The seeds selected were three on which physiological studies

had already been made, but for which respiratory data were lack-

ing, namely, Amaranthus retroflexus, Chenopodium album, and

Crataegus, 1 and in addition (because of their economic importance

and the ease with which they could be obtained, as well as because

Rosaceae.

made to <

common drup

some

1 The species chiefly studied was C. coccinea.
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ripening or aging. Furthermore, since many
determina

made on most

Methods

Catalase activity was measured by the volume of oxygen set

free from hydrogen peroxide (the Oakland Chemical Company's
dioxogen) by a given weight of seeds. The apparatus was essen-

tially that described by Appleman (i), and the routine procedure

was to grind the seeds for one minute in a mortar with sand and

calcium carbonate, add 5 cc. of distilled water, and grind a second

minute. The contents of the mortar were then transferred to a

bottle which was placed in a water bath at 25 C. The level of the

gas burette was adjusted, and after sufficient time had elapsed for

the seed suspension to come to the temperature of the bath, the

exit of the gas burette was closed. Constancy of level of the water

meniscus in the gas burette was assumed to indicate stability of

temperature. Thereupon the cock of the dropping funnel was

opened on the minute, and 5 cc. of dioxogen was allowed to flow

into the bottle, which was immediately set shaking. Readings of

the volume of oxygen liberated were taken on the gas burette every

minute for the first five minutes and on the tenth minute also.

The respiration determination^ were made by means of a respi-

rometer designed by Crocker (26). This consists of a cylin-

drical glass chamber fitted with a glass stopper through which

pass two tubes, one a manometer and the other a short, straight

tube provided with a stopcock by which the chamber can

be closed to the surrounding air. Seeds which had been soaked

for twenty-four hours and thereafter stored on moist filter paper

at about io° C. were placed in a porcelain hooded holder, designed

by Harrington (25). This holder was supported within the

respirometer on projections from its wall about 1 cm. above the

base. ' The respirometer was placed in a water bath at constant

temperature, and after half an hour the mercury in the manometer

was brought to a level and the stopcock closed. When the experi-

ment was to be brought to an end, the difference between the

mercury levels in the two arms of the manometer was measured,

and a known volume of caustic potash was introduced into the
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respirometer through the stopcock tube. The potassium hydroxide

was allowed to flow down the sides of the respirometer, the hood

of the seed holder preventing its coming into contact with the seeds.

So far as possible, measurements were made and absorption carried

out without removing the respirometer from the bath. A second

reading of the manometer was taken after absorption of the carbon

dioxide. Barometer readings were taken after closing the chamber

at the beginning, and again before absorption of the carbon dioxide

at the end of the experiment. From the calibration of the respi-

rometer it was possible to calculate its volume at the beginning (cor-

rected for the volume occupied by the seeds) and at the end, before

and after carbon dioxide absorption, a correction for the volume

of the absorbent added being applied in the latter case. All

volumes were further corrected to absolute zero, and to 7j5o mm.
pressure. The difference between the volumes at the end of the

experiment before and after carbon dioxide absorption represents

the volume of carbon dioxide eliminated by the seeds, while the

difference between the volume at the beginning of the experiment

and that after absorption represents the volume of oxygen taken

up by the seeds. These relations are expressed by the following

formulae, which were used for the calculation:

Let Ff = volume of respirometer,

Vs
=volume of imbibed seeds,

Va = volume of absorbent (KOH) used,

Tx minitial absolute temperature,

T2 = final absolute temperature

jB x
= initial barometric pressure,

i? 2 =final barometric pressure,

m1
= initial manometer reading,

m2 =final manometer reading.

A: (V r -Vf-^X^-

B: (V,-V,Mx?^i

T2 760
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Then
B—C=volume of C02 eliminated,

A —C=volume of 2 absorbed.

From these volumes the respiratory quotient (C0 2/0 2 ) is easily cal-

culated, as are also the milligrams of carbon dioxide eliminated

and of oxygen absorbed per gram of imbibed weight per day,

using 1.96 mg. as the weight of 1 cc. of C02 , and 1.428 mg. as

that of 1 cc. of 2 .
2

2 The application of these formulae is illustrated in the following calculation of

data from an experiment on Amaranthus:

Fr = 24.6icc. !Ti = 25 C. 2*1 = 751.5 mm. wr
=- 9 mm.

Vs = i.oocc. r 2 = 25°C. 2*2= 749.8 mm. w2 =—65 mm.
Va = 0.76 cc.

Weight imbibed seeds = 1 .3177 gm.; duration of experiment = 24 hours.

24.61

— 1. 00

2 3- 6lX WXS= 21 - 387 (A)

a3.6iX^X^|-2i.o8a (B)
760 298

O.76

22.85X^X^=18.862 (C)
70O 29O

L° g-76^8 = 7081133 - 10

log. 23.61 = 1.373096 log. 23.61 = 1.373096 log. 22.85 = 1.358886

tog^SJ-S =2.875929 log. 740.8 =2.869701 log. 684.8 =2.835564
—3-081133 -3-081133 -3.08113?

1 -330158 1.323930 1.275583

Antilog. 1.330158 = 21.387 Antilog. 1.323930=21.082 An tilog. 1.275583 = 18.862

jB-C=2i. 082-18. 862 = 2. 220 cc. C03 ; ^-^=21.387-18.862 = 2.525 cc.O a ;

C02/0 3 = 0.880.

log. 2.220 =0.346353 log. 2.525 =0.402261

log. 1.96 =0.292256 log. 1.428 =0.154728

colog. 1.3177 = 0.880183 colog. 1.3177 = 0.880183

0.518792 0.437172

antilog, 0.518792 = 3.302 mg. C02 per gm. imbibed weight per 24 hours,

antilog. o
. 437172 = 2 . 736 mg. Oa per gm. imbibed weight per 24 hours.
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Investigation

The material studied was as follows:

Seeds Year of crop Time of collection

Amaranthus retroflexus 1919 August 2-September 7, 1919

Chenopodium album 1918 January 29, 1919

Rumex crispus 1919 August 1919

Crataegus 191

7

October 1Q17

In addition, seeds oiPrunus pumila(irom Mineral Springs, Indiana),

and of P. persica, P. armeniaca, P. Cerasus var. Morella, P. do-

mestica var. Blue Gage, and the red Burbank plum, obtained in the

market, were also studied. All rosaceous seeds except Crataegus

were freed at once from pulp, dried, and in most cases opened and

used immediately. Amaranthus and Chenopodium seeds were

stored at room temperature until used. Seeds of Crataegus were left

at room temperature until they were removed from the carpels,

when they were placed at once under germinating conditions at io° C.

In preparation for an experiment the seeds were placed in

distilled water and left in the refrigerator at approximately io° C.

for twenty-four hours. Cotton and filter paper were placed in

Petri dishes and the whole sterilized in an electric oven. Before

being used, the cotton was saturated with sterile distilled water.

The seeds were thoroughly shaken in several portions of sterile

water, and were either used at once or placed in the Petri dishes

and stored in the refrigerator until needed, in order to avoid the

influence on respiration of variations of temperature. By means
of these precautions it was possible, to a very great extent, to pre-

vent infection of the seeds with molds or bacteria, and at the same
time to avoid the modification of respiration due to treatment with

disinfectants (36, 38, 42). The amount of material used depended

largely upon the size of the seed and of the apparatus. For

Amaranthus and Chenopodium, 1 gm. of air-dry seeds was the usual

amount, a weight representing approximately 1000 seeds. Cor-

responding numbers and weights for the other seeds were:

0-5

Seed
^ Number Weight (gm.)

Rumex crispus

Prunus Dersica 2 o
.

7 -1
. 00

0.7 -0.8
Prunus armeniaca 1 o . 8 -f-

Prunus Cerasus 10 0.8
Prunus pumila 10 0.8

Prunus domestica

Crataegus 50-200 0.7-3.00
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With the use of large numbers of seeds, p
small seeds of Amaranthus, Chenopodium

probably more
typical than those obtained by the use of one or two seeds, where

individual peculiarities would assume an exaggerated significance.

From four to ten lots of seeds were run at the same time, since the

variability in oxygen consumption and in carbon dioxide elimina-

tion was early evident, and it was only by running at least four

experiments simultaneously, unc

that variability could be limited t

The experimental temperature

similar conditions,

20° C. or 25

basis. The

com

periments

time interval

shorter, as the amounts of gas absorbed and eliminated were

usually small. The average amount of carbon dioxide eliminated

during an experiment was 2 cc, with a maximum of 4 cc. The
volume of the respirometers was approximately 25 cc. Since

Kidd (28) found that 10 per cent of carbon dioxide retards respira-

tion, the accumulation of this gas during an experiment may have

slightly modified at times the character of the respiration.

Catalase determination

Table I is a comparison of the catalase activity in the different

seeds studied. The variability in catalase activity is extreme,

TABLE I

Catalase activity of seed immediately after harvesting

Seeds

Amaranthus retroflexus.

Chenopodium album. . .

Apricot
Blue gage plum
Blue gage plum

Weight of
material

(CM.)

0.13
0.13
0.13
0.13
013

Condition

Burbank plum

Crataeg us

Crataegu;

0.13

o . 0449

o . 0688

Imbibed
Imbibed
Imbibed
Imbibed

As removed from
carpel

As removed from
carpel

As removed from
carpel

Imbibed

Oxygen (cc.) liberated after

3

3
10

20

00
10

7.90

2.65

2.12

4-50
750

6.10
6. os

35-IO
21 .40

5
minutes

9-93

7-8S

10.50
18.00

7.67
7.40

48.20
28.80

12.68

9.72

H-30
23.10

10
minutes

8.97
7-3°

S6.50
35 60

JO-55

11.70

18.30
27.60
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especially among the rosaceous seeds. Of these, the greatest

activity occurred in apricot, 48 cc. of oxygen being liberated from

hydrogen peroxide in five minutes by 0.13 gm. of imbibed seeds.

The red Burbank plum had the lowest activity of any rosaceous

seed, an equal weight of imbibed seeds liberating only 9 .
7 cc. of

oxygen. In table II the catalase activity of hawthorn is given by

periods from the fourth to the forty-second day, while the same

1 min

\tnin

lllll

Fig. 1. —Curves of catalase activity at 1, 3, 5, and 10 minute intervals in Crataegus:

horizontal axes represent time in days after harvesting; vertical axes represent cc.

of 3 liberated; temperature 25 C.

data are presented graphically in fig. i. There is an increase in

catalase activity as after-ripening progresses. A determination

C, suggests that

>nd day, but at a very

observed bv Eckerson

made

slow rate.

(19) in her microchemical study of after-ripening in Crataegus.

The stability of catalase activity in Atnaranthus during the first

month after harvesting is plain from table III.



1921] SHERMAN—DORMANTSEEDS 9

Number of
days

AT 10 C.

4
6

9
16

42
128

TABLE II

Catalase activity in Crataegus during dormancy

Weight of
material

(gm.)

0.0410
o . 0690
0.0778
0.0773
0.0791
o. 1007

1 minute

5

4
5

11

17

25

8

4
7

9

3
6

Oxygen (cc.) liberated after

3 minutes

137
10.6

150
27.2

42.9
57-2

5 minutes

17.9
14-3
20.0

360
57-o
65.2*

10 minutes

22 .9

18.8
26.2

45-5
65.8
67.0

There are two possible explanations for the small increase in catalase activity from the 42nd to
the 128th day: (1) the amount of oxygen liberated may have been limited by the use of only 5 cc. of
dioxogen; (2) a determination should have been made at 90 days, when after-ripening was complete.
After that time the seed may go into a secondary dormancy (18).

TABLE III

Catalase activity in Atnaranthus relrojlexus (0.13 gm. imbibed seeds used)

Number of Oxygen (cc.) liberated after

DAYSAFTER
COLLECTION

1 minute 3 minutes 5 minutes 10 minutes

8 3°
2-5

3 4
3-8

6.2

6.2
7.2

7-9
6.2

7-7
8.9

9-2

7.3
9.0

IO.4

16

28

Respiration

Table IV embodies the comparative respiratory behavior of

all ten seeds. While

intake

elimination

varies within limits. For the Rosaceae the ' respiratory

llierams of carbon dioxideintensity," as measured by the milligrams

eliminated per hour per gram of imbibed seeds, averages about

0.08, while in the other seeds it is higher, being about o.ii in

Chenopodiu This differ-Amaranthus, and o . 15+ in Rumex and

ence may be due to the character of the storage substance, chiefly

starch (44), present in the last three seeds, but it is undoubtedly

also attributable in part to a difference in degree of dormancy.
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Only one set of experiments was carried out on Rumex, because

it was found that even immediately after harvesting the seeds

would germinate. In many of the seeds the coats were ruptured

and the hypocotyls emerging by the end of the experiment. Cheno-

podiam also exhibited a marked readiness to germinate. Amaran-

thus was more dormant, but even within a few weeks of harvesting,

on removing the seeds from the respirometer after an experiment,

an occasional seed with coat broken was found; while during the

later experiments, over ico days after harvesting, the number

with broken coats increased greatly (80 seeds per 1000). The

TABLE IV

Respiratory values (at 25° C.)

Seeds

Amaranthus retroflexus .

.

Chenopodium album
Rumex crispus

Crataegus
Peach
Apricot
Cherry
Sand cherry
Blue gage plum
Burbank plum

Ma <%f
Mg. COa per

experiments C(VOa 24 hours per gm.
imbibed weight

37 0.856 2.691

14 0.928 4-213

9 1. 160 3-636
56 0.774 1.548
14 0.675 1. 881

30 0.648 2.106

19 0.866 2.589
19 0.876 2.288

19 0.696 2.579
10 0.912 I.998

Mg. Oa per
24 hours per gm.
imbibed weight

2.324
3-307
2.291

1474
2.033
2.392
2.186
x-935
2.748
1 .610

rosaceous seeds are really dormant. Crataegus requires three

months of after-ripening at low temperature optimum

emerges from The changes occurring dur-

ery

dormancy ported

from

germinating At this time the seeds are still

perature.

months

nd would fail to germinate if removed to a higher tem-

For the other rosaceous seeds no attempt was made to

the exact duration of dormancy, although it was observed

\ left in the refrigerator germinated in from 1.5 to 3

It has been suggested (17) that the dormancy of Crataegus,

although chiefly conditioned by the embryo, is in part dependent
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upon the coats, which reduce the rate of imbibition and perhaps

of oxygen entrance. atmosph

determined

dormant
The mean respiratory quotient was a trifle lower than in ordinary

air, 0.728 instead of 0.774. Further investigation of this point

determine

Although a de-dormant seed and on the after-ripened as well,

tailed study of the respiration of the after-ripened seed is yet to

be made, data already obtained seem to indicate that the respira-

tory quotient and the milligrams of carbon dioxide eliminated are

TABLE V

Respiration of Amaranthus retroflexas (at 25 C.)

Number of days after harvesting COa/0*

3
II

35
40

104
140
176

0.824
0.850
0.892
0.890
0.854
0.877
0.802
0.885
0.842

Mg. COa per
24 hours per gm.
imbibed weight

2.425
2.263
2.299
2.932

1-955
2.705

4475
3979
1-794

Mg. Oa per
24 hours per gm
imbibed weight

2.150
I.938
I.877

2.417
I.656
2 -591
4.056
3-500
i-537

* Seeds stored at room temperature until used.

slightly higher than in the dormant seed, while the oxygen absorp-

tion is lower. oxygen

after-ripened apple seed is to increase its respiratory intensity (25).

It may be that this will be found to be the effect on the after-

ripened hawthorn.

The values given for Amaranthus in table IV are averages

based on experiments on seeds at intervals from 3 to 176 days after

harvesting. In table V these respiratory values are given by

periods, while in fig. 2 the carbon dioxide-oxygen ratio, and the

respiratory intensity, as indicated by milligrams of carbon dioxide

eliminated as well as of oxygen absorbed, are plotted in a time curve.

The uniformity of the carbon dioxide-oxygen ratio is noticeable.

The high values for the 104th and 140th days are accompanied by
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a slight increase in germination. Still more interesting facts are

brought out by the frequency histograms (fig. 3), from which are

evident the value most frequently appearing for the carbon dioxide-

oxygen ratio, and the total variation of this ratio in the entire

number of experiments on each seed. In plotting these histog

the values for the quotients were grouped, and since it was found

that experimentally and mathematically the digits for the quotient

ams

45

40_

35.

aa

LO

05. ,niiyi
• 1 w ' TT e m

i? mb*L
I I 1 W7 T nr TT

|wb
t-t

Fig. 2. —Respiration of Amaranthus retroflexus under storage at room temperature:

horizontal axes represent time in days after harvesting; vertical axes represent values

from 0.5 to 4.5 for the C02/0 2 , these being absolute numbers indicating ratio; for

" respiratory intensity n curves represent mg. of gas per gram imbibed weight of

seeds per 24 hours.

are significant only to hundredths, the interval between these

groups or classes was taken aso.oi.

The range of the value of this ratio, as determined by the

maximum and minimum, varies widely in the different seeds, being

least in Amaranthus (0.685-0.975, that is, 29 classes) and widest in

hawthorn (0.470-1 .140, that is, 67 classes). In Chenopodium

the heaviest grouping lies within a range of only seven classes, but

between the lower limit of this group and the next lowest quotient

is a gap of nineteen classes, while above the group's highest limit
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are five quotients grouped discontinuously. The irregularity and

discontinuity of grouping lay the extreme values open to question

from the mathematician's point of view. In this instance experi-

mental evidence supports the mathematician's feeling that certain

unusual factors must be working to produce the higher values,

inasmuch as these were obtained in experiments on seeds of the

1919 crop, tested within two days after their collection. The seeds

from

mold o experiment. The high

values obtained, therefore, represent the joint respiratory activity

of seeds and mold. These values have been allowed to stand in

the histogram to illustrate the value of such treatment of data as

a test of its uniformity, but they are not used in calculating the

average for the type quotient in table IV.

In fig. 4 the values for the respiratory quotients of the Rosaceae

are plotted in a percentage curve, the abscissas representing the

value of the quotients, and the ordinates representing the per-

centage of the total number of experiments on each seed, in which

each value occurred. The maximum percentage of the experi-

ments with the six rosaceous seeds, apricot, peach, cherry, sand

cherry, blue gage plum, and hawthorn, gives respiratory quotients

lying between o. 60 and o. 90, the extreme range of the means for the

different seeds (table IV) being twenty- three classes, 0.648-0.876.

Within this range the maxima fall into three groups: those of

cherry and sand cherry, between 0.80 and 0.90; those of peach,

apricot, and blue gage plum, between 0.60 and 0.70; while that of

hawthorn lies intermediate between these values (0.70-0.80).

Thus the maximum for hawthorn falls very close to 0.756, the

mean of the quotients (table IV) for these six seeds; and with the

exception of a single value for apricot all the quotients for these

rosaceous seeds lie within the range of the quotients of hawthorn.

Discussion

Increase in catalase activity during after-ripening of seeds and

during germination has been reported by numerous workers.

Eckerson (19), by microchemical methods, found an increase in

the activity of catalase during the after-ripening of Crataegus, and
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same phenomenon

macroscopically, under after-ripening and germinating conditions.

Such an increase during after-ripening is characteristic of seeds

«

dormant em
retrofii

appears to be far less subject to fluctuation. Crocker and Har-

rington (16) find surprisingly slight variation in the catalase

activity during after-ripening, which in Amaranthus occurs "during

months in dr\ The activity for the

comparison

first month and a half after harvesting, as shown in table III, is

maintained at a very uniform rate. A
obtained on the imbibed seeds with those found by Crock
Harrington for the dry powder indicates the uniformity

degree of activity in different seeds:

Weight of powder (gm.)

Oxygen (cc.) liberated after

1 minute 1 5 minutes 10 minutes

o. 13 imbibed seeds . .

.

4-9
3-9

9.0
6.1

II. I

7.1

The values for the dry seeds, however, are slightly higher than for

the imbibed, probably owing to the greater concentration of material

in a given weight. In this connection the results obtained by
Crocker and Harrington on samples of Amaranthus collected in

1894 are of interest. They found the catalase activity of these

twenty-three year old seeds but little diminished, although there

was complete loss of viability.

Date of collection

Oxygen (cc.) liberated after Per cent
germination

1 minute 5 minutes 10 minutes
after 7

DAYS

1 91 7 (average of 3 samples)

.

1894 (average of 3 samples)

.

8.3
7.8

20.0 23.8
178 20.8

IOO
O

The extreme stability of the catalase activity is emphasized by the

fact that one 1894 sample gave values identical with those obtained

from one of the 191 7 samples:



IQ2I] SHERMAN—DORMANTSEEDS 17

Date of
Location

Oxygen cc. liberated after

COLLECTION
i minute 3 minutes 5 minutes 10 minutes

IQI7 Pullman, Wash.
East Lansing, Mich.

8-7
8.7

18.1

18.1
22.7
22.7

26 8
1804

mm\J m KJ

26 8mm \f m \*J

In the seeds studied in the present investigation, the greatest

degree of activity was manifested by the rosaceous seeds (seeds

having dormant embryos).

Many plant and animal physiologists have been inclined to

postulate a parallelism between catalase activity and respiratory

intensity (2, 3, 10, 11, 12, 13). In Acer saccharum (27) and

J uni perils virginiana (38) both catalase activity and respiratory

intensity increase as dormancy ends and germination begins.

In Crataegus catalase activity increased continuously up to the

twelfth day in the germinator (the time of the last determina-

tion), but the increase was not uniform. Respiratory intensity

increased up to the sixth day. From that time to the seventy-

seventh day it tended to decrease, but at an irregular rate

and with considerable fluctuation. In Amaranthus the respi-

ration, like the catalase activity, is maintained at a relatively

uniform rate for some time (176 days), but fluctuations in the one

are not coincident with fluctuations in the other, and at times may
be in an opposite direction. These facts are in harmony with the

decision to which their own studies led Crocker and Harrington,

that "in Amaranthus seeds there is no evidence of a correlation

between catalase activity and respiratory intensity."

That high catalase activity does not necessarily accompany a

high respiratory quotient or respiratory intensity (as indicated by

milligrams of carbon dioxide eliminated) is evident when the seeds

studied are arranged in descending order of these values, as given

in table VI.

Although there are relatively few determinations of respiratory

values for resting seeds, the literature is rich in findings for other

plant parts. A comparison of these values, however, is often difficult

because of their variable form and the frequent absence of data

necessary for the determination of measured and calculated values.
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table VII results selected from numerous investigations have

n recast in such form as to make them comparable with the

ilts on resting seeds obtained in the present study.

In the following discussion of the respiration studies the results

s recognized that the temperature

carried out (20°-25°C.) was high,

vigorous respiration than occurs

are treated as they stand,

at which the experiments

and undoubtedly led to

at io° C. The transfer

more

er from the latter temperature, at which

seeds were stored when under after-ripening or germinating

Litions, to the higher temperature of the water bath, may in

TABLE VI

Catalase activity

Respiratory intensity

i. Apricot
2. Blue gage plum (imbibed) .

.

3. Crataegus (imbibed)

4. Crataegus (as removed from
carpels)

5. Amaranthus
6. Chenopodium
7. Blue gage plum (as removed

from carpels)

8. Burbank plum
9

10

Mg. COa
eliminated

Chenopodium
Rumex
Amaranthus

Cherry
Blue gage plum
Sand cherry

Apricot
Burbank plum
Peach
Crataegus

Mg. O,
absorbed

Chenopodium
Blue gage plum
Apricot

Rumex
Cherry
Amaranthus

Peach
Sand cherry
Burbank plum
Crataegus

COa/O:

Rumex
Chenopodium
Burbank plum

Sand cherry
Amaranthus
Cherry

Crataegus
Blue gage plum
Peach
Apricot

itself have accelerated respiration. In the case of apple, Har-
rington (25) finds great diminution of the respiratory intensity at

low temperature. An investigation of the respiratory intensity of

the seeds used in the present instance for ten degree intervals of

temperature will throw light on this point.

The problem of the longevity of seeds is still unsolved, although

various theories have been advanced. Loss of vitality might result

from exhaustion of stored food, degeneration of enzymes, accumu-
lation in respiration or digestion of substances toxic to the seed, or

from still other internal changes in the seed substance inimical to

its life. Groves (14, 23) found that life duration of Triticutn

sativum was a logarithmic function of the temperature, and
Lepeschkin's time-temperature formula for the coagulation of
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TABLE VII

Comparative respiration of different plant organs

Organ

Seedlings

Triticum
Ricinus communis
Lupinus

Stems of succulents

Sedum reflexum
Large stems (day)

.

Large stems (night)
Opuntia tomentosa

Very young (day) .

.

Very young (night)
Stamens

Antirrhinum majus
Anthers
Filaments.

.

Entire
Acanthus mollis

Adolescent

.

Young
Adult
Entire

Seeds

Acer saccharum.
Petals

Antirrhinum majus
Young
Adolescent

Ref-
erence

5

5
22

5

5

5

5

32
32

32

32

32

32

32

32

32

32

22

37
37

Adult
Acanthus mollis

Young
Adolescent
Adult

Leaves of seedlings
"Bean" (Phaseolus?)
Zea Mays

Green leaves
Etiolated leaves

Vicia Faba
Green leaves
Etiolated leaves

Leaves
^ of Ligustrum japonicum

Variegated leaves
Green parts*
White parts

Germinating seeds
Phaseolus vulgaris

Embryo
Hordeum vulgare I 42

27

32

32

32

37
37

37
37

30

Tem-
per-

ature
(°C.)

13
20

8

3i

23

0.98
0.96
1.03

0.98
0.88

25 O.77

23 O.O47

24 O.87

24 I.02
20 0.93

21 O.9I
21 O.97
21 O.79
20 O.81

24 i. IS
24 1. 13
24 1. 00

26 0.79
26 0.83
26 0.94

26 0.99
26 0.97

21 0.90
21 0.87

26 0.84
26 0.80

24 1.09
1

Mg. O,

Per hour per gm. fresh
(or imbibed) weight

55-92
3767
36.49

23.83
17-05

3-86
0.412

2.86

1.32
0.606

1.027
0.640
0.538
0.546

0.27

1. 613
1-374
0.668

1.088
0.717
0.633

i-54

1-339
1.060

1.226

0.956

1.047

1.276

1.237

41-54
33-54
2556

17

14

3
6

.70

-14

.83

•40

5.62
2.32

•0.457

0.806
0.482
0.518
0.589

1-455
0.970
0.487

0.952
0.606
0.485

0.979
o.795

0.988
o.794

1. 145
0.958

0x1
-rocnemicai examination 01 numerous vanegaicu jc<*v

talases higher in the green than in the white portions.

per-
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TABLE VII— Continued

Organ
Ref-

erence

Pistils

Antirrhinum majus, entire

Acanthus mollis

Young
Adolescent
Entire
Adult

Germinating seeds

Lupinus albus
Vicia Faba
Pisum sativum
Cucurbita Pepo

Flowers
Syringa vulgaris

Leaves and leaflike structures

Sepals of Acanthus mollis

Adolescept
Young
Adult

Leaves
Triticum sativum seedling

Green
Etiolated

Hordeum vulgare seedling

Green
Etiolated

Acanthus mollis

Antirrhinum majus
Antirrhinum majus
Malva sy lvestris

Syringa vulgaris

Syringa vulgaris

Taxus baccata
Pinus maritima
Pinus sylvestris

Eucalyptus
Leaf blades

Vicia sativa

Rumex pulcher
Geranium Robertianum
Bryonia dioica

Leaf petioles

Vicia sativa

Bryonia dioica

Geranium Robertianum
Rumex pulcher

Tendrils
Vicia sativa

r

Bryonia dioica

Cladodes
Asparagus albus
Ruscus hypophyllum

I

32

32
32
32

32

30
30
30
30

23

33
33

37
37

37
37
37
37
37
37

9
33

9
9

9
9

37
37
37
37

37
37
37
37

37
37

37
37

Tem-
per-

ature
(°C.)

20

21

21

20

21

20

24

24

24

25

25

co a/o

23

23
22

24
22

IS
22

22

16
20

24

19

18

17
18

175

18

17-5
18

17

18

17.

5

18

15

1. 00

0.89
0.87
0.84
0.90

1.03
1.06
0.88

0.97
0.98

0.85
0.83
0.77
o.73
0.88
0.71

0.94
0.94
0.86
0.85
0.80
0.80

o.7S
0.76
0.72
0.65

0.88
0.87
0.91
0.80

0.90
1.02

0.78
o-55

Mg. CO* Mg. O

Per hour per gm. fresh

(or imbibed) weight

1. 186

O.609
0.53I
O.490
0.486

O.990
0.970
0.946
0.878

O.788

O.798
O.562
o-554

0.788
o.735

0.521
0.423
0.361
o.354

0.437
0.051

0.864

0.492
0.428
0.409
0.387

0.565
0.858
0.444

0.588
0.431

0.444
0.371
0.212
0.182

0. 314 O. 251

0. 251 O. 246

0. 590 O. 574
0. .288 O ,276

0. ,272 O,
• 275

259 O, ,290

327 O .207

.184 O 154

.086 O .068

.064 O.058

.504 O .408

.221 O 157

0.410
0.067
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TABLE VII— Continued

Organ

Phyllodes
Acacia megaloxylon

Entire plant

Pelargonium zonale
Sedum hybridum

Buds
Aesculus

Influence of warm bath. . .

14 hours in water at 38 C
14 hours in water at 20 C

Stems
Vicia sativa

Rumex pulcher
Asparagus albus
Accacia megaloxylon
Bryonia dioica

Geranium Robertianum
Mesembryanthemum nodiflorum
Ruscus hypophyllum

Bulbs
Convallaria

Untreated
After 8 hours in water at 38 C... .

After 8 hours in water at 18 C... .

Imbibed seeds

Juniperus

130 days at 5 C
100 days at 5 C

90 days at 5 C
60 days at 5 C
30 days at 5 C

5 days at 5 C

Chenopodium album
Rumex crispus

Amaranthus retroflexus
Prunus cerasus var. Morello
P. domestica (blue gage) . .

.

P. pumila
P. armeniaca
P. domestica (Burbank plum)
P. persica

Crataegus
Zea Mays

Embryo
Endosperm
Aleurone
Pure endosperm
Intact seed

Hordeum vulgare
Intact seed ....
Endosperm (summer)
Aleurone (summer) . .

Endosperm (winter)

.

Ref-
erence

37

22

35

35

35

37
37
37
37
37
37
37
37

35
35
35

38
38
38
38

38
38

Table
IV

u

u

u

u

u

u

u

u

42

42

42

42
42

42

42

42

42

Tem-
per-

ature
(°C.)°

18

12-14
25-26

20

20
20

18

17
18

18

17.5
18

15.5

15

19

19

19

25

25

25

25

25

25

20

20

20

20

20

20

20

20

20

20

20

21

22

18

26

23

15

C03/Oa

O.66

0-54
o-37

0.86
0.85
0.96
0.82

0.91
0.94
1. 00

0.58

o-95
0.68

0.97
0.97
0.94
0.84

0.928
1. 16

0.857
0.814
0.695
0.878
0.628
0.912
0.675
0.774

0.83
o.55

o.73

0.77

0.83
0.68

0.58

Mg. CO, Mg. Oa

Per hour per gm. fresh
(or imbibed) weight

O.233

0.188
O.138
O.I22

0.292
0.231
0.221
o. 206

0.167
o. 127
0.076
0.033

0.174
0.133
o. 117

0.489
o . 2486
0.2354
0.2352
0.218
0.1311

0.175
0.151
0.113
0.108
0.107
0.093
0.089
0.083
0.078
0.064

0.444
0.014
0.009
0.004
0.003

0.203
0.078
0.052
0.019

0.257

0.247
0.197
0.167
0.182

0.133
0.097
0.055
0.414

0.4398
0.3192
0.2092
0.2152
0.1976
0.1347

0.141
0.095
0.096
0.091
0.109
0.076
0.102
0.067
0.084
0.061
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TABLE VII— Concluded

Organ

Pure endosperm (summer)
Pure endosperm (winter)

.

Aleurone (winter)

Ricinus

Ref-
erence

Ttibers

Solanum
Entire

5 hours after quartering
Untreated
After 6 hours in water at 19

.

5° C

.

After 5 hours in water at 40 C. .

.

After storage at o° C. (starch

changed to sugar)

After 8 hours 2 per cent aqueous
ether

Fruits

Russet apple
Orange
Japanese plum

Dry seeds

Triticum vulgare

19 per cent water
Soft red winter wheat (13 per cent

water)
Secale cereale

19 per cent water
Zea Mays

19 per cent water
Juniperus dry seeds

Hordeum distichum

33 per cent water
19-20 per cent water

15 per cent water
Algae

Nostoc
Fucus

Fungi
Aspergillus niger, Raulin's solution

Vegetative mycelium (morning).. .

Vegetative mycelium (evening) . . .

Fruiting mycelium (evening)
Water and 0.4 per cent salts,

black conidia

Sterigmatocystis nigra

In solutions containing

2 gm. tannin

0.9 gm. sugar

0.984 gm. tartaric acid. .

.

o. 75 gm. citric anhydride
o. 88 gm. malic acid

o. 80 gm. citric acid

42

42
42

42

22

22

35

35

35

35

21

21

21

43

6

43

43
38

29
29
29

9

9

39
39
39

39

21

21

21

21

21

21

Tem-
per-

ature
PC.)

23
20

CCVOa

18

17-19

O.36
o>39

0-59

19

19

18

18

18

25

19
14-15

23-5

20

33
20

20

1.09
1.06

1.30

0.76

40
0.50

1.04-f

1.07

Mg. CO, Mg.Oa

Per hour per gm. fresh
(or imbibed) weight

0.66

1.09
0.93
1.78
1.40
I-SO
1.48

0.019
0.007
0.001
0.082

0.006
o

. 48of
0.013
0.010

.0.018

0.059

0.068

0.019
0.078
0.274

o . 0054

o . 000 24

O.OOOI

O.OOOI
. 00098

O.OOOI
0.00015
o . 00004

0.014
0.164
0.160

o.oon

t Cf. Magness (31):
w Removal of the epidermis facilitates the entrance of oxygen to the tissues

and escape of carbon dioxide. It would be interesting to know to what extent the increased respiration
following wounding is due to mechanically facilitating gaseous exchange and to what extent it is due to
actual metabolic changes in the wounded tissues."
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proteins was applicable as a temperature-life duration formula for

wheat grains, as Lefeschkin himself had found it applicable for

imbibed cells. Loss of viability in air-dry seeds, therefore, is

probably due to "a time-temperature denaturing of certain colloids

(probably proteins) of the embryo" (16). The retarding effect of

carbon dioxide upon germination has been shown by Kidd (28).

On the other hand, enzymes may persist and have a high degree

of activity in seeds which are no longer viable, as in Amaranthus,

or their activity may be greatly decreased without marked decrease

in percentage of germination, as in Johnson and Sudan grasses

(Crocker 16). Exhaustion of stored food cannot be considered a

cause for decreased life duration in air-dry seeds, but in the case of

seeds lying in the soil the situation is different. Such seeds would

have a high water content, favoring chemical action, whether

respiration or digestion. The actual occurrence of such reactions

of course would depend upon oxygen supply, temperature, enzymes

present, and the extent to which by-products (carbon dioxide, etc.)

were removed. In such seeds, of which Amaranthus is a typical

example, the life duration might easily be limited by the amount

of stored substance present or by the rapidity with which it was

respired or digested.

Crocker and Harrington (16), in studying the behavior of

Johnson grass, found that storage of freshly harvested seed at 20 C.

in the germinator led to an increased or secondary dormancy, a

phenomenon frequently observed in seeds as a result of unfavorable

germinating conditions. They suggest that such a deepened dor-

mancy, if accompanied by a decreased respiration, may have an

important bearing upon the longevity of seeds in the soil by

lengthening the period necessary for the reduction of stored foods.

From their own experiments on the respiration of Johnson grass

they estimate the possible longevity of this seed as follows:

If 75 per cent of the weight of the seed can be respired before death occurs,

secondarily dormant Johnson grass seeds could lie in a germinator for 9.8

years at 20 C. before death would occur from exhaustion of stored foods.

The period at io° C. would likely be 2 to 3 times 9.8 years, in accord with

the temperature quotient for respiration. Without such a reduction in respira-

tory intensity the possible longevity would be a little more than one-third as

great, figured on the initial rate in the active seeds. Even if the longevity of

imbibed seeds in the soil be dependent upon some contingent other than
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exhaustion of stored food, this reduction in respiration is of significance. It

will leave more stored material for building purposes in case germination does

occur after a considerable period in the soil.

m
Amaranthus seeds respiring at the rate observed (table IV) would

exhaust their storage substance. The estimate is based on a

moisture content of 47 .43 per cent, and Woo's (44) analysis show-

ing 47 per cent starch. On this basis the possible longevity is

160 days at the experimental temperature, 2o°-2 5° C. This

temperature is high, and respiration of stored food would cer-

tainly proceed more slowly at the lower temperature of the soil.

Moreover, since observation (7, 8, 24, 41) shows the actual longevity

of Amaranthus in the soil to be more than thirty years, there must

be tremendous curtailment of metabolism under these conditions,

with exceedingly slow use of the reserve. Even in the laboratory,

dry-stored at room temperature and imbibed just before using, the

seeds were viable 176 days after harvesting, and Crocker reports

that 200 days in the germinator at 20 C. does not alter their

viability. If the 47 per cent fat contained in hawthorn be taken

longevity of this seed when removed from theas stearin, the

carpel, with 60

observed (table IV) for the same tern

perature. Actually the seeds are viable for a longer time.

In studied variability of respiratory

marked. Since

based upon the volumes of C02 eliminated and of 2 absorbed, it

may serve as a convenient index of this variability. The total

range of the quotient values of the six rosaceous seeds is o .31-1 . 14.

The extremes for individual seeds are as follows:

Hawthorn 0.47-1. 14
Peach 0.56-0.96
Apricot . . . 0.31-0.80
Cherry . 0.76-1.04
Sand cherry 0.75-1.05
Blue gage plum 0.57-1.02
Burbank plum . 0.72-1.04

in fig. 4, with the exception of a single experiment

apricot, the quotients for all the

the range of those of hawthorn. 774)
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lies within 0.02 of the mean of the means (table IV) for the other

seeds (0.756). The rosaceous seeds, therefore, exhibit a marked

similarity to one another in their respiratory behavior. If it may
safely be assumed, as has been the tendency, especially among
animal physiologists, that the character of respiration and particu-

larly of the respiratory quotient depends upon the kind of sub-

stance oxidized, such a similarity would be expected, since in all

these seeds the storage substance is chiefly fat.

On the other hand, in Amaranthus, although fluctuations in the

carbon dioxide elimination and the oxygen absorption occur, and

that too not always in the same, but occasionally in opposing, direc-

tions, the respiratory quotient remains relatively stable through-

out a period of 176 days. The contrast in the behavior of the

Rosaceae and of Amaranthus may be due in part to the difference

in storage material, since Amaranthus contains little fatty sub-

stance (44), but much starch. This latter substance constitutes

the reserve in Chenopodium and in Rumex also. It is probable,

however, that other factors are responsible for the extreme varia-

bility of the rosaceous quotients.

The embryo of Amaranthus is not dormant. "Any time after

maturity naked embryos are capable of immediate growth" (16).

The six rosaceous seeds have dormant embryos. This dormancy,

however, is of unequal intensity in different parts of the embryo.

Davis and Rose (17) and Eckerson (19) have emphasized the

difference in development of cotyledons and of the hypocotyl in

Crataegus. Davis (18) finds a similar situation in the peach. It is

therefore reasonable to suppose that these two parts of the embryo,

cotyledons and hypocotyl, differing as they do physiologically and

chemically, may differ in their metabolic activity and specifically

in their oxygen absorption and carbon dioxide elimination. These

differences at times may counterbalance, or at times augment, each

other; or it may be that now the intensity of the hypocotyl, now

that of the cotyledons, may predominate and determine the metabo-

lism characteristic of the seed as a whole.

An analogous situation is reported by MAIGE (32) for stamens.

In general the respiratory intensity of the adult stamen is less than

that of the young organ, but this decreased intensity is differently

attained in different plants. In some there is a steady decrease
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from youth to age, while in others there may be an increase to a

maximum followed by decline to the adult intensity, or a fall to a

minimum succeeded by a return to a rate slightly lower than that

at the beginning. Study of the filament and anther separately

reveals the fact that their respiratory intensities are distinctly

different, the anther undergoing a sort of grand period of respira-

tory intensity, while the intensity of the filament increases regu-

larly from immaturity to maturity. The intensity of respiration

of the stamen as a whole therefore is the resultant between these

two respiratory intensities.

Great diversity of opinion exists as to the importance attach-

ing to the respiratory quotient as an index of metabolism. In

seeds like Amaranthus and Chenopodium the quotient would

appear to be of significance because of its stability. The varia-

bility of the quotient in Rosaceae at first might appear to militate

against its possessing any significance. When, however, this

variability of the quotient is found to characterize a group pos-

sessing fundamental physiological and chemical features in com-

mon, it would seem that even here some significance might attach

to the quotient. It may be of little value as indicating the material

oxidized, but it may have considerable importance as indicating a

situation due to the interplay of several factors. The quotient

percentage curves (fig. 4) and the frequency histograms (fig. 3)

show more clearly than do the tabulated data the general trend of

respiration. From them can be seen that even with their varia-

bility the values for hawthorn and the other Rosaceae tend to fall

into small groups about one largest assemblage. The latter, there-

fore, may be considered indicative of the type respiratory value for

the seed.

Chenopod

type is more marked. Treat-

ment

on the uniformity of conditions under which the experiments are

carried out, and perhaps on the reliability of the method.

In this connection it is interesting to note that the curves in

fig. 3 are of the kind found by Pearson to be typical for botanical

measurements, limited skew curves ("axis of the abcissas limited
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unlimited

ymmetrical ") • Zoological curves, on the

on both sides, curve unsymmetrical," 45). A possible explanation

of this difference in behavior between plants and animals that sug-

gests itself is the complication of the results of zoological experi-

mentation due to the independent volition of the animal. Plants,

placed under a given set of conditions, vary little in behavior,

while uniformity of behavior in the case of different animals, or

animal

beyond control.

wise

they suggest. They are rather preliminary to further investiga-

tion. Upon one point, the difference in respiration between dor-

mant and after-ripened but still resting Crataegus seeds, some data

have already been obtained. That the respiration is slightly

higher in the after-ripened than in the dormant seed seems well

established. Further study of this point, however, is necessary.

Summary

1. The respiratory intensity, that is, the mg. C02 eliminated

per gram imbibed seeds per hour, was determined experimentally

for Amaranthus retroflexus, Chenopodium album , and Rumex
crispus, as well as for Crataegus and certain drupaceous Rosaceae.

Determinations of the catalase activity were also made for most
of the seeds.

2. Catalase activity increases in Crataegus under after-ripening

and germinating conditions (io° C), up to the forty-second day.

The slightly higher value for the 128th day may represent: (1) a

continued increase at an extremely slow rate; (2) a limit depending

on the amount of dioxogen used (5 cc.) ; (3) a falling off, as a

result of secondary dormancy, of an activity whose maximum
occurred at the completion of after-ripening (about the ninetieth

day). Respiration reaches a maximum intensity much earlier

(sixth to eighth day), and thereafter exhibits a slow and fluctuating

decline, at least to the seventy-seventh day.

3. In Amaranthus both catalase activity and respiration are rela-

tively stable. Fluctuations in catalase activity and in respiratory
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intensity do not occur simultaneously, and may be in opposite

directions.

4. The respiratory quotient and respiratory intensity vary

markedly for different seeds, and in the Rosaceae for different lots

of the same kind of seed under precisely similar experimental con-

ditions. The respiratory quotient in Amaranthus and Chenopodium

is markedly stable. Since in the Rosaceae the embryo is dormant,

while in the other two seeds it is not, it may be that this difference

in behavior is characteristic of seeds with dormant embryos, and

the greater stability of 'respiration in Amaranthus and in Cheno-

podium represents the attainment of a more stable metabolism in

these seeds.

5. Stability or variability of the quotient may be of signifi-

cance as indicative of the possibility of an interplay of several

factors on the metabolism. In Crataegus, and presumably in the

other Rosaceae, the marked variability is probably the resultant

between the respiration of the dormant hypocotyl and that of the

mature cotyledons.

6. The arrangement of the respiratory quotients for each seed

in a curve showing the percentages of the experiments with each

seed giving each value, and in frequency histograms in which are

plotted the actual number of experiments in which each quotient

value occurred, indicates the tendency of each seed toward a

typical respiration. The quotients for Chenopodium ajid Amaran-
thus are 0.928 and 0.856 respectively, while those of the Rosaceae

form three groups within a range of 0.118. In the first group,

between 0.648 and 0.7, fall the quotients for apricot, peach, and

blue gage plum; in the third, between 0.8 and 0.876, those of

cherry and sand-cherry; while that of hawthorn, 0.774, lies mid-

way between.

Grateful acknowledgment is made to Professor William
dcker and to Dr. Sophia H. Eckerson for the suggestion and

Miller
ance in graphing the data.

University of Chicago
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